Commercially pure titanium (Ti-cp) is extensively employed for dental implants applications due to its good biocompatibility, mechanical properties and corrosion resistance. The present research work considers an innovative surface treatment, in order to improve the bone bonding ability of Ti-cp implants. The process include two phases: inorganic modification, aimed to obtain a thicker titanium oxide layer with a bioactive behaviour, micro and nano-textures and a high hydroxylazion degree, and functionalization with biomolecules able to promote osteointegration (alkaline phosphatase), in order to confer a more specific biological bioactivity.
Introduction
Titanium and its alloys are the most employed biomaterials for the realization of orthopaedic and dental implants, thanks to their good mechanical properties and biocompatibility. Titanium alloys (e.g. Ti6Al4V) are mainly used for orthopaedic applications, due to their superior mechanical properties, while commercially pure titanium is traditionally preferred for dental implants, for its high corrosion resistance. The main drawback of Tibased materials in implantology is the poor bone-bonding ability of these surfaces. A lot of surface modifications and coatings have been proposed, both in the scientific literature and in commercial applications, in order to enhance the bone integration of titanium implants [1] . A first strategy is the surface coating with a bioactive layer (mainly hydroxyapatite or calcium phosphates); plasma spray, electrodeposition, sputtering and sol-gel techniques can be used for this purpose [2] . The main drawback of this method is the creation of an interface that represents a critical point, both during surgical implantation and physiological loading. Moreover, resorption of the synthetic apatite layer can occur, leading to the mobilization of the implant, because the stoichiometry and crystallinity of the synthetic apatite cannot be strictly controlled. Inorganic surface modifications are an alternative to coatings, in order to improve bone bonding ability of the metallic implants, avoiding the critical situation of an interface between the coating and substrate. A lot of solutions have been proposed also in this field, the most widely known among them are alkaline and thermal treatments aimed to obtain a bioactive sodium titanate layer, hydrogen peroxide based oxidations and spark anodizing [3] . The main drawbacks of the proposed processes are the reduction of mechanical properties of the starting metal (especially fatigue resistance), a low stability of the obtained layer and long lasting processes. The proposed treatment represents a progress beyond the state of the art because of the advantage to simultaneously give an active and multifunctional surface, through one step process, without altering the starting mechanical properties of titanium (especially fatigue resistance) and without the creation of an interface. In fact, the modified surface shows a multiscale roughness (comprising a nanoscale topography), that is excellent for osteoblast adhesion and differentiation, a high degree of hydroxylation, that is relevant for inorganic bioactivity (in vivo apatite precipitation). Moreover, it is resistant to corrosion and fatigue stresses. The treated surface is reactive and ready for a further functionalization with biomolecules able to promote osteointegration. It promotes the in vivo growth of natural apatite on the implant, that is quite different from the synthetic one. A key factor is that multiple active sites can be obtained on the surface without covering it with a continuous coating. Concerning functionalization, a direct grafting of ALP has been obtained without using toxic linker such as glutaraldehyde.
Materials and Methods

Samples preparation
Commercially pure titanium (Ti-cp) discs with a diameter of 10 mm and a thickness of 2mm have been obtained from a commercial cylindrical bar by an automatic cutter machine. A part of samples has been polished by SiC abrasive papers (up to 4000 grit). Other samples have been coarsely polished by SiC abrasive paper (120 grit) and then sand-blasted with alumina. 
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Both polished and blasted samples have been washed in an ultrasonic bath 5 min in acetone and twice 10 min in double distilled water and let to dry in air.
Inorganic surface modification
The inorganic modification is a patented [4] thermochemical treatment that includes, as first, an etching in diluted hydrofluoric acid, aimed to remove the native oxide layer and a subsequent controlled oxidation in hydrogen peroxide, in order to obtain a bioactive and nanostructured surface oxide layer, as described in [5] .
Functionalization
Alkaline phosphatase has been considered for the surface functionalization, since it is a good model molecule (well known, quite simple and relatively cheap) and at the same time it can promote bone mineralization [6] . Surface functionalization has been performed by surface activation of titanium (modified by the inorganic point of view, as described in 2.2) by tresyl chloride (TC) and subsequent ALP grafting, as described in [7] . Samples have been soaked in pure Tresyl Chloride (TC) for 48h at 37°C, washed in acetone and let to dry. Activated samples have been soaked in a 5mg/ml ALP solution for 24h at 37°C and finally gently washed in TRIS-HCl solution and let to dry. 
2.4.3
Surface roughness Surface roughness has been determined by contact profiler measurements (KLA-Tencor P15) and Atomic Force Microscopy (AFM -XE-100, Park Systems) measurements.
2.4.4
Corrosion tests The electrochemical measurements were performed by using a Phosphate Buffered Saline (PBS) solution as electrolyte. It was buffered at the constant pH value of 7.4 at 25°C. It is commonly used to simulate the human body fluids in which the biomaterials are exposed after implantation. The PBS composition is reported in Table 1 . Disc shaped samples have been tested (10 mm in diameter and 4 mm in thickness). The sample surface has been cleaned in acetone by using an ultrasonic bath, dried with nitrogen and assembled onto the Teflon ring in the electrochemical cell. An Ag/AgCl electrode was employed as reference electrode and the counter electrode was a Pt wire mesh. An EG&G 273A potentiostat has been used. The employed software were 'CoreWare' for Open Circuit Potential (OCP) and 'Power suite' for Electrochemical Impedance Spectroscopy (EIS) measurements. The OCP test was recorded for one hour in PBS solution. The EIS was performed one hour after the immersion of the sample in the PBS solution, in order to test the system at OCP. The set parameters of the EIS tests were the following: the acquired number of points equal to 81, frequency range from 10kHz to 10mHz or 1mHz, amplitude of the applied AC voltage 10mV rms and DC voltage 0V. The resulting graphs are a Nyquist plot, imaginary part of the impedance Zim(Ω) vs. the real part Zreal (Ω) and the Bode diagrams, module of the impedance modZ(Ω) vs. frequency (Hz). The EIS measurements were carried out one time until f=10mHz (almost one hour long) and then the tests were repeated until lower frequencies, f=1mHZ (almost twelve hours long), in order to obtain stable values of the module in Bode diagram at low frequency and a semicircle curve in the Nyquist plot. Each test was performed at least three times for each sample.
2.4.5
In vitro bioactivity In order to evaluate the in vitro bioactivity of modified surfaces samples have been soaked in simulated body fluid (SBF), prepared according to Kokubo protocol [8] for 15 days at 37°C. solution has been changed every 2 days in order to mimic the physiological turnover of body fluids and pH measured. At the end of the soaking period, the samples have been gently washed in double distilled water, let to dry and observed at SEM, in order to verify the eventual precipitation of hydroxyapatite.
2.4.6
Enzymatic activity tests The presence and activity of ALP grafted onto titanium surface has been determined by means of enzymatic activity tests.
In brief, functionalized samples have been introduced in a reactive mixture containing equal volumes of MgCl 2 (2mM), p-nitrophenilphosphate (2 mM) and 2-amino-2-methyl-1-propanol (AMP-2 mM) (all reagents have been purchased from Sigma Aldrich Fluka). The pH value of the reactive mixture is 10.5. the reaction between ALP and p-nitrophenilphosphate produces p-nitrophenol, a yellow compound that can be quantified by UV-visible measurements. The absorbance at 405 nm is proportional to the amount of active ALP on the surface. The absorbance values have been referred to the sample surface, in order to obtain comparable results.
Results and Discussion
Morphological characterization
At the end of the inorganic modification (acid etching and hydrogen peroxide oxidation) Ti-cp surface presents a multi-scale topography: micro-roughness with a nanoroughness (like a spongy structure) superimposed on it. This peculiar topography can be obtained on different surface macro-topographies, such as polished or sandblasted ones. Figure 1 reports the morphology of polished and treated or sand-blasted and treated samples. It is evident that both present the peculiar micro and nanofeatures. Profile measurements and SEM observations show that when the inorganic treatment is performed onto polished surfaces it induces a moderate micro-roughness (at about 0.07-0.2 µm), due to the acid etching. If the same treatment is applied to a rough surface (e.g. blasted one) it slightly reduce the starting roughness. At SEM it can be observed that the treatment induces a smoothing of the surfaces asperities. The smoothing can be tailored by carefully optimizing the process parameters (roughness reduction from 0.01 to 0.2 µm can be obtained). The treatment, as said before, induces (on both polished and blasted surfaces) a nano-topography. This feature cannot be measured by contact profilometry, but AFM analyses allow to determine a nano-roughness of about 10 nm on all the treated samples. XPS high resolution spectra of oxide g region for a Ti-cp sample after inorganic modification FTIR analyses confirm the XPS ones, detecting the presence of OH on Ti-cp surface after the inorganic modification. Hydroxyls groups are extremely interesting features, in fact they can be involved in the inorganic bioactivity mechanism (in vivo precipitation of natural apatite) and they can be employed for the further surface functionalization with biomolecules.
Corrosion tests
Open Circuit Potential (OCP) measurements have been performed in order to assess the stability and passivation ability of the oxide layer of the modified surface; untreated Ti c.p. has been used as reference. The obtained OPC behaviour is typical for passive metals on both samples. In both cases, it has been observed that the OCP increases with time; this means that no corrosion occurs on the surface, when no external voltage is applied. They curves achieve a stable value after one hour; the plateau values are E= -0.38 in the case of untreated Titanium and E= + 0.13 for the modified Ti surface. It is important to note that the plateau value of the modified surface is more positive than that of the reference untreated titanium. It means that the surface presents, after the treatment, a thicker and homogeneous passive layer, it is more stable than the native one and it makes the surface metal more resistive to corrosion. Impedance Spectroscopy tests at OCP have also been performed. Both the surfaces show a 'One time constant behaviour' in PBS, characteristic of a uniform interface between the metal and electrolyte, due to the presence of a thin protective oxide film The main differences between the three systems are presented in the Nyquist plot. Titanium modified shows higher values of impedance, than the reference titanium ( Zre (untreated Titanium) = 500 kΩ, Zre (modified surface)=100 kΩ at Zim=400 kΩ) ; this means that it has a more resistive metal-electrolyte interface and a stronger oxide layer is present on the metal surface. In the Bode diagram, it is possible to note that the Rp values for the treated titanium is 1000kΩ, that is an order of magnitude greater than the value of the reference titanium (100 kΩ). It can be concluded that the corrosion resistance of Ti-cp is improved by the proposed treatment, due to the formation of a thicker and stable surface oxide layer. This is a very important result, in fact the corrosion resistance of the Ti-cp surfaces is a key factor for dental application.
Inorganic bioactivity
A moderate surface enrichment in Ca e P can be observed on the whole surface of the treated samples, after SBF soaking. Moreover, the precipitation of particles with the typical morphology of hydroxyapatite and constituted mainly of Ca and P can be detected. An example of the precipitates is reported in figure 3a and the corresponding EDS spectra in figure 3b. 
ALP grafting
The presence and activity of alkaline phosphatase on the titanium surface has been verified by means of enzymatic activity tests. Simply polished-ALP grafted and polishedinorganically modified-TC activated-ALP grafted surfaces have been compared in term of ALP activity. The specific ALP activity of the considered samples (normalised for the samples surface area) is reported in figure 4 . Looking at figure 4 it is clear that the proposed surface modification and the TC surface activation are fundamental for an effective ALP grafting. The enzyme maintain its activity after grafting, so it can effectively stimulate cells to mineralization directly from the implant surface. 
Conclusion
It can be concluded that the proposed surface treatments is effective in order to obtain an oxide surface layer with a micro and nano roughness onto a Ti c.p. surface. A previous macro textured topography can be maintained. The surface chemistry of the modified layer is changed and an increase in the hydroxylation degree is observed. A bioactive behaviour has been observed in SBF, this is of interest in order to get an in vivo precipitation of natural apatite on the implant. Bioactive coatings of synthetic apatite can be avoided. The corrosion resistance of the oxide layer is improved. ALP can be successfully grafted onto the treated surface. The biomolecule is active after the grafting and it can be useful in order to get a biological bioactivity of the surface. In conclusion, both the in vivo mineralization and bone cell stimulation can be achieved on the treated surface.
